During 2015, three key global agreements were established which converged on enhancing resilience as an overall strategy towards sustainable development. This paper builds an argument and a structured process for future research and practice that succinctly links urban resilience enhancement with the transdisciplinary development of risk maps. Risk maps are highlighted as useful tools improving a shared understanding of risk, raising awareness, and effectively guiding land use planning and zoning towards enhanced urban resilience. Building codes incorporating past and recent disaster experiences, and multi-hazard maps with high quality data for different performance levels, should be the foundation of transdisciplinary risk mapping.
Introduction
Our planet is confronting numerous challenges particularly affecting the poorest and more vulnerable communities, the Least Developed Countries and Small Island Developing States. Climate change, urban migration and concentration, and high levels of inequity have been identified as major global sustainability challenges (Briceño 2018) . Multiple linkages exist among these global challenges. Climate change, for instance, is an important and growing threat to the infrastructure sector (UNEP 2006) , to the global food systems and a significant "hunger-risk-multiplier" (FAO 2016 , Porter et al. 2014 , Reardon and Zilberman 2018 , hence aggravating inequality and poverty. Furthermore, increasingly unpredictable and extreme weather events related to climate change can force populations to migrate without a plan thus exacerbating inequalities and creating conditions for social unrest and conflict. On the other hand, the concentration of people in urban areas without developing adequate risk reduction measures (e.g. land use planning and zoning, early warning systems) can also result in unnecessary loss of lives, property damage, and leaving thousands of people inevitably vulnerable. For example, in 1999 Vargas state -Venezuela was faced with exceptionally intense rainfall, during a short period of time, creating massive landslides that left around 120,000 victims (Larsen et al. 2001) . Recurrent events remain a threat in Vargas if no remedial actions are taken. Furthermore, the possibility for events of similar magnitude exists in other parts of the world where extensive urban development has taken place on alluvial fans (e.g. Los Angeles, Salt Lake City and Denver in the US, and Naples in Italy) (Larsen et al. 2001) . Another example comes from Chennai in southern India during the winter of 2015 when more than 500 people were killed and over 1.8 million were displaced due to floods also from heavy rainfall. This event was categorized as a "manmade disaster" by the Comptroller and Auditor General of India (CAG) in July 2018 (Government of Tamil Nadu 2017).
The complexities and interdependencies that characterize global challenges demand new approaches that encourage integrative agency to guide innovative policies and practices (Bendito and Barrios 2016) . Risk mapping has been largely conducted through modeling approaches based on secondary data (e.g. HAZUS, Capra, SELENA, RADIUS) Cardona et al. 2012) , and through community-based risk-mapping methodologies that combine local perceptions about vulnerability with current and historical hazard data (Rambaldi 2010; Sugathapala and Munasinghe 2006;  The Power of Maps 2016). There is a growing consensus that a transdisciplinary approach is required to effectively integrate efforts from the social, economic and environmental dimensions of sustainability (Lang et al. 2012; McGregor 2004; Miller et al. 2010; Scholz 2000; Scholz et al. 2006; Scholz and Steiner 2015a) and build on previous efforts to develop risk reduction measures. This paper explores a research and policy agenda that can contribute to reduce the current emphasis on reactive approaches and rather promotes strategic and preventative approaches to face key global challenges to our existence in the planet. To this end, it develops a useful argument for future practice and a structured process that succinctly links urban resilience enhancement with the need to create spaces for transdisciplinary engagement, learning and agency. Here, risk maps firmly rooted on building codes, are proposed as suitable boundary objects to facilitate transdisciplinary processes during the co-development of possible options to building urban resilience in different contexts. Boundary objects are considered in this paper "as collaborative products such as reports, models, maps, or standards that are both adaptable to different viewpoints and robust enough to maintain identity across them" (Clark et al. 2011) .
Reducing vulnerability and building resilience
During 2015, three key global agreements were established: the overarching Sustainable Development Goals (SDGs) (UNISDR 2015), the Sendai Framework for Disaster Risk Reduction 2015-2030 (SFDRR) (UN 2015) , and the Paris Agreement for Climate Change (UNFCCC 2015) . The converging goal of these three international agreements was to find ways to maintain or even increase levels of economic growth in a sustainable manner, hence without irreversibly damaging the planet and negatively affecting human livelihoods. It is increasingly clear, that these global ambitions share the common challenge of strengthening resilience, in its many dimensions (UNFCCC 2017).
Nevertheless, we cannot build resilience without reducing vulnerability as they are intrinsically interdependent (UNFCCC 2017) . Resilience is considered here as "the ability of a system to absorb shocks, to avoid crossing a threshold into an alternate and possibly irreversible new state, and to regenerate after disturbance" (Resilience Alliance 2009) and vulnerability as "the characteristic and circumstance of a community, system or asset that make it susceptible to the damaging effect of a hazard" (UNISDR 2009).
How to eat a chocolate elephant?
Complexity, metaphorically "eating a chocolate elephant", is usually a deterrent to action. It is unquestionable the need to build a step by step process (i.e. one bite at a time), as proposed in this paper and synthesized in Fig. 1 to effectively support a long- Fig. 1 Enhancing resilience through the transdisciplinary development of risk maps that are firmly rooted on building codes term vision and strategy that can guide the transition towards a society that is less vulnerable and hence more resilient to major global challenges.
The fact is that most disasters are actually preventable if a robust risk reduction strategy is in place and everyone benefits when money is saved and losses are avoided. From 1991 to 2010 the international community committed over USD 3.03 trillion in aid. However, only 13% of that amount was committed to risk reduction, while 65% corresponded to emergency response, and 22% for reconstruction and rehabilitation. Furthermore, "… many high-risk countries have received negligible levels of financing for risk reduction compared with emergency response, 17 of the top 20 recipients of response funding received less than 4% of their disaster-related aid as risk reduction …" (Kellet and Caravani 2013) .
There is increasing evidence that early actions and resilience-building interventions better protect development growth and are significantly more cost-effective than emergency actions. For example, there is a global estimate that risk reduction saves $7 for every $1 invested (DFID 2004) . This calculation is consistent with the 2017 Interim Report released by the US Federal Emergency Management Agency (FEMA) indicating that, on average, mitigation grants funded through select federal government agencies can save the nation $6 in future disaster costs for every $1 spent on hazard mitigation". Nevertheless, even though the benefits of an ex-ante risk reduction strategy are recognized in the international policy guidelines, most governments are still devoting most expenditure and effort to emergency management (Briceño 2018 , Oliver-Smith et al. 2016 ).
Creating space for transdisciplinary processes
Enabling a transdisciplinary approach requires the use of participatory methods involving relevant stakeholders (e.g. local communities, local and federal government, development organizations, national environmental and socio-economic research, academia, NGOs and private sector) to facilitate knowledge sharing and co-created innovations that integrate ideas and efforts of multiple sectors in a "fertile middle ground" (Bendito and Barrios 2016; McGregor 2004) . In contrast, the lack of integration of different sectors to address complex problems can have devastating consequences as it has been seen during and after several contemporary disasters. For example, one of Japan's approaches to prepare for tsunamis consisted of planting coastal areas with pines. Thereafter, during the tsunami caused by the Great East Japan Earthquake in 2011, these trees became the first debris to damage houses and other buildings (Renaud and Murti 2013) . The selection of pines was probably an inadequate choice given that pines are shallow rooting trees (Canadell et al. 1996) and highlights the importance of ensuring broad and inclusive consultation processes -both nationally and among countries facing similar challenges -to identify suitable risk management options. Another example, following the Indian Ocean and Samoan Tsunamis, showed that when community members were not involved in the planning of relocation activities this led to illegal returns to their original land thus leaving them vulnerable again (Kennedy et al. 2008) .
Transdisciplinary approaches, however, have their own challenges. For example, the management of stakeholder engagement, the co-creation and sharing of knowledge, and linking knowledge to action during transdisciplinary processes is intricate and non-linear due to differences among sectors and stakeholders (McGregor 2004; Miller et al. 2010) . This involves the need to devote considerable time and effort to collection, consolidation and joint interpretation of data from different sectors, as well as consensus building processes, which can limit the capacity to adapt to rapidly changing new scenarios if not properly managed. In a review of 41 mid-and large-scale studies that engaged in transdisciplinary processes, Scholz and Steiner (2015b) highlighted differences in knowledge background, discourse, dialects, normative perspectives, and timeframes of each sector involved among the key challenges faced.
The use of boundary objects, however, constitutes an important tool to facilitate transdisciplinary processes (Clark et al. 2011) . Boundary objects help creating spaces for innovation and participatory decision-making that contribute to build the relevance, credibility and legitimacy of co-developed options to multiple audiences (Cash et al. 2006) . Also, boundary objects can help creating better understanding, coordination, and coherence as they enable enhanced convening, interpretation and mediation functions. Risk maps built through a transdisciplinary process constitute an excellent example of a boundary object that could be central in facilitating the implementation of sustainable risk reduction measures.
Fostering sustainable risk reduction
Risk has been generally defined as the combination of hazard and vulnerability affecting any particular community or context (Briceño 2018) . Even though it is important to know and understand natural hazards, little can be done to prevent them from occurring. It is possible, however, to identify measures to reduce vulnerabilities, of people, processes (e.g. responsible for food loss and waste), and properties (e.g. hospitals, roads and other public infrastructure) in the short, medium and long-term. Suggested measures include developing a better understanding of vulnerability, improving risk awareness raising and fostering risk-smart education (Bendito and Barrios 2016) .
Understanding of vulnerability
Several factors can contribute to a hazard becoming a disaster, but some factors are less obvious than others. For instance, immediate causes of a building collapse may be a landslide due to poor urban planning that allowed building in a highly vulnerable location and/or the lack of building codes and guidelines. A detailed assessment, however, may reveal that the root cause involved local communities cutting down the natural vegetation to produce charcoal and denuded hillsides resulted in increased sediment flows during landslides (FAO 2010) . Effective prevention measures are therefore not always evident, and hence the need of a transdisciplinary approach for a more holistic vulnerability assessment, in order to understand risks at different spatial and temporal scales, understand the environmental implications of adaptation efforts, and the importance of the social-ecological context to be able to address the root causes. Prevention measures, more focused on understanding "the characteristics of a person or group in terms of their capacity to anticipate, cope with, resist and recovery from the impact of a natural hazard" -i.e. social vulnerability (Blaikie et al. 2004 ) should be a fundamental component of the strategy to build resilience.
Improving risk awareness raising and fostering risk-smart education
Frequently heard myths can contribute to inaccurate perceptions that need to be confronted with effective awareness-raising campaigns that deliver accurate and up-to-date knowledge and information. The notion that "natural" disasters represent manifestations of God's will, or that "fate is written" and human beings cannot do anything, favors a surrendering attitude that ultimately leads to greater pain as it discourages facing the problem. In reality, human behavior transforms natural hazards into what should really be called "unnatural disasters". It is thus urgent to replace the use of the term natural disasters with that of "natural hazards" to accurately communicate this phenomenon to society (Briceño 2015; Oliver-Smith et al. 2016 ; World Bank and The United Nations 2010). Building a risk-smart culture through awareness raising and education at different levels can encourage communities to engage and incorporate risk reduction measures into their lives.
Commonly, the main priority for people is to improve their quality of life (e.g. health, food security, better homes) and following risk reduction measures is not on the top of their list. It is necessary to help communities understand that risk reduction is associated with vulnerability reduction and improved livelihoods. Experience shows that preventing self-construction is not viable, hence building awareness through user-friendly guidelines that include basic rules of building design, orientation, construction materials and maintenance issues (Bendito and Twomlow 2014) can significantly improve knowledge on self-construction, and help construction workers to understand basic rules that are often bypassed (e.g. ensuring the continuous load path on a building so that the structure can resist the different loads acting on a building). Additionally, empowering communities on the use of new technologies (e.g. smart phones) could help provide monitoring and early warning services that anticipate necessary actions for future disasters. Empowered community members could also contribute to data collection using a common methodology and develop high quality databases, the absence of which currently represents one of the main obstacles to developing risk maps in many areas of the developing world. For instance, a similar community-empowerment approach has significantly helped the government of Bangladesh to better understand urban dynamics and migration patterns (Flowminder.org 2018) .
Building robust evidence to support risk-smart education and knowledge transfer to communities, governments, and other stakeholders is essential to help in the enforcement, implementation and dissemination of building codes as a strategic normative tool to reduce risk. The new generation of professionals should be equipped with transdisciplinary skills to be able to think globally while acting locally. Higher education curricula should be updated to integrate transdisciplinary approaches to better face the constraints and opportunities emerging from present and future global challenges. For example, engineering curricula needs to incorporate ecological knowledge and insights so that engineers can benefit from better understanding synergies, complementarities and trade-offs between green and blue, grey, and hybrid approaches (Bendito and Barrios 2016) .
The grounding effect of building codes
Building codes consolidate in a synthetic way the most credible and robust evidence to support actions that lead to good, desirable or permissible outcomes. As defined by UNISDR (2009) "building codes constitute a set of ordinances or regulations and associated standards intended to control aspects of the design, construction, materials, alteration and occupancy of structures that are necessary to ensure human safety and welfare, including resistance to collapse and damage".
The dramatic contrast between the impacts of the 2010 earthquakes in Haiti and Chile is an excellent example to show why building codes are so important. While the earthquake in Chile released 1000 times more energy than in Haiti, the earthquake in Haiti resulted in 1000 times more deaths. This was largely the result of updated building codes in Chile incorporating lessons learned from past earthquake events, and the lack of codes in Haiti (Bendito and Gutiérrez 2015) .
A study conducted by UNEP (2006) recognized the infrastructure sector, which includes buildings, as one of the most climate-sensitive. New infrastructure should be better adapted to the probability of natural hazards and integrate climate-related hazards that are expected to intensify in frequency and/or intensity. This means that the return period of the hazard, in most cases, could be reduced. Therefore, building codes should be updated following more comprehensive procedures that include information on multiple hazards at a given spatial scale, and different stages of expected damage to the building structures (i.e. performance levels), that are correlated to the probabilities and frequencies of the hazard levels (i.e. return period). Along this line of thought, Heather et al. (2010) proposed to include a regional "climate change adaptation factor" as a possible way to update building codes that internalize climate-related hazards. Furthermore, building codes should take advantage of new technologies for data generation and management (e.g. cell-phones, drones, satellites, crowd-sourcing, big data) to update current hazard maps with real-time and spatially explicit data (e.g. including local climate data). In order to create multi-hazard maps, different hazard maps should be overlaid for different structural performance levels or goals using Geographic Information System (GIS).
Currently, most building codes are developed with minimum design requirements that allow significant levels of damage to the structure to ensure the safety of occupants during a specific design event, but not to preserve the functionality and continued availability of services. Building codes should not only protect the lives of occupants, they should also protect the building structure, architectural components and facades, mechanical/electrical/plumbing equipment after a natural hazard occurs REDI 2013) , in order to be more resilient and support faster recovery processes following a disaster.
Building codes can also directly influence food security and nutrition. For instance, reducing food loss and waste through adequate post-harvest facilities can positively influence the four dimensions of food security: availability, utilization, access and stability (FAO 2015) . At present it is estimated that more than a third of all food that is produced is lost before it reaches the market or is wasted by households (Gustavsson et al. 2011) . Recent publications recognize that sub-optimal post-harvest facilities are main drivers of food loss and waste (Global Panel on Agriculture and Food Systems for Nutrition 2018, Vermeulen et al. 2012) . In Rwanda, for example, none of the post-harvest facilities evaluated by an International Fund for Agricultural Development (IFAD) funded project were constructed following building codes or even designed considering emerging climate change challenges (Bendito and Twomlow 2014) . This resulted in higher potential for food losses due to diseases, pest and rodent infestations (i.e. reducing availability and utilization) given the lack of adequate storage, as well as lower profitability to farmers because they could not protect their produce while waiting for optimal market prices (i.e. reducing access and stability).
Some green infrastructures should also be guided by building codes. The implementation of green roofs is a growing trend since the 1960s. After gaining popularity in Europe, most of the world is now familiar with green infrastructure as part of the sustainable design of buildings (Semaan and Pearc 2016) . While there are undoubtedly many benefits derived from green roofs (e.g. contributing to food security and nutrition, carbon sequestration, and a greener environment while reducing heat, and filtering smog and dust) (Semaan and Pearc 2016) , it is necessary to ensure that the additional forces exerted on the building are not enhancing vulnerability.
For instance, when green building efforts involve adding unplanned weight into the design loads, which are not accounted in the building codes, the potential for structural collapse increases. For example, adding moist soil to create a garden at the corner of a building's roof can create unplanned forces to the structural elements of the building. The reported collapse of a green roof in November 2013, in Riga, Latvia, resulted in 54 fatalities and 41 casualties, and alluded to the incorrect estimations of maximum roof loads and faulty connections (BBC News 2013).
Lessons learned from past disaster experiences highlight the need to improve current regulations and to encourage a people-centered approach, where communities are part of the implementation and dissemination of the codes and are empowered to proactively protect themselves against natural hazards by adapting their behavior and becoming more resilient and thus preventing unnatural disasters (UNISDR 2015).
The central role played by risk maps
The transdisciplinary development of risk maps generates a very useful tool to explicitly identify and effectively communicate vulnerability-reducing actions. Such risk maps provide communities and governments with synthetic understanding of the spatial and temporal impacts of potential natural hazards and climate change impacts on people, food systems, infrastructure, and ecosystem services while highlighting areas of high, medium and low risk.
Risk maps developed through a transdisciplinary process provide the opportunity to build an inclusive decision-making space for the co-creation and sharing of knowledge that can enhance ownership and facilitate agreements at different scales of governance on priorities, challenges and opportunities, and thus guide policies and actions to increase adaptability and reduce vulnerability to global change. These risk maps can contribute to empower extension agents, NGOs, and other organizations in the field to incorporate valuable information into their awareness raising programs and hence encourage behavioral changes required to support sustainable development pathways. In a study conducted in six different rural and marginalized communities from Africa, Caribbean and the Pacific, the Technical Centre for Agricultural and Rural Cooperation (CTA) demonstrated the power of maps to help communities and governments to better understand and share knowledge on the spatial distribution of their resources, challenges and opportunities, and the impact of extreme climate events on their livelihoods (Rambaldi 2010 ; The Power of Maps 2016).
In order for risk maps to be most effective, they should include -multi-hazard maps derived from updated building codes, spatially explicit data on vulnerability, actual and potential provision of ecosystem services, and local knowledge and experience -all integrated using GIS. Local knowledge plays a critical role during knowledge sharing that is key to building relevance, credibility and legitimacy of risk maps as a boundary object (Bendito and Barrios 2016; Clark et al. 2011 ). Developing risk maps through a transdisciplinary process can also help to develop or strengthen links between different institutions (e.g. those responsible for implementation, monitoring and enforcement of building codes), and stakeholders.
Risk maps can also be used to facilitate the convergence of disaster risk reduction (DRR) and climate change adaptation (CCA) approaches. Instead of planning for DRR with traditional engineering options through structural approaches (reservoirs, dykes, sea walls, and dams), or planning CCA solutions with only Ecosystem Based Adaptation approaches, both approaches should be jointly analyzed planning future development efforts so that adaptation to climate change is conducted simultaneously while managing risk.
Conclusions
Risk maps are an essential component of the strategy to ground urban resilience. The goal of resilience enhancement demands transdisciplinary approaches to address the limitations of sectoral approaches. Given the recognized challenges faced during the convergence of different disciplines and stakeholder demands while developing risk reduction measures, the use of risk maps as a boundary object can become an effective enabling tool. Building codes are key inputs to develop effective risk maps but they should be reviewed and improved by incorporating past and recent disaster experiences, and multi-hazard maps developed with high quality data for different performance levels. Such transdisciplinary risk maps are useful tools for increasing understanding of risk, raising awareness, and effectively guiding land use planning and zoning towards enhanced resilience, which is the common desired global outcome of the SDGs, SFDRR, and the Paris Agreement as shown in Fig. 1 . 
